RANS: Reynolds-averaged Navier-Stokes (RANS) 48
SST: Shear stress transport 49 FOX: Ferrous oxidation-xylenol orange 50 51
INTRODUCTION 52
Chemiluminescence detection (CLD) is a potential option for the sensitive 53 determination of solutes which do not possess a strong chromophore or fluorophore, 54 which has been used for various applications including clinical, agricultural, to 55 industrial analysis [1] [2] [3] . CLD systems have the advantage of requiring relatively 56 simple instrumentation and can offer extremely high sensitivity for certain solutes. A 57 CLD system essentially consists of only two components, (1) a transparent reaction 58 vessel or a flow-cell and (2) a photodetector. The design of CLD flow-cell defines the 59 sensitivity and reproducibility of the detector, as it influences fluid mixing, band 60 dispersion, the amount of emitted light transmitted to the detector, and 61 consequentially the signal magnitude and duration [4] . A flow-cell design which 62 provides these signal enhancements also enables detector miniaturisation by enabling 63 the use of low-cost digital imaging detectors, as compared to expensive high 64 sensitivity photomultiplier tubes. 65 66 Usually, CLD flow-cells are produced by simply coiling polymeric or glass tubing in 67 a plane [4] [5] [6] or by milling/etching channels into polymeric materials [7] [8] [9] [10] . Coiled-68 tubing based flow-cells have been widely used for CLD in flow injection analysis 69 (FIA) manifolds [11] [12] [13] [14] . However, these simple approaches have some 70 disadvantages, including the rigid nature of most suitable tubing, making the 71 formation of the flat spiral cell rather difficult and irreproducible [15] . Greater design 72 flexibility and complexity can be achieved with the use of milling or etching 73 techniques, with these techniques also providing greater fabrication reproducibility, 74 and access to a wider range of materials. However, they have some notable 75 limitations, including limited resolution of closely spaced channels, and inability to 76 produce complex 3D channel geometries. Such techniques are also not able to 77 produce sealed channels, and thus are rather laborious and time consuming, due to the 78 multiple steps required for the production of the sealed device. 79 80 However, these limitations can potentially be overcome with the use of 3D printing 81 techniques, which can provide rapid and simple production of complex CLD flow-82 cells in a variety of materials. With the continual development of higher resolution 3D 83 printers allowing multi-material printing, these capabilities are expanding rapidly. In 84 terms of the advantages over other fabrication methods, 3D printing offers (1) the 85 ability to print complex three-dimensional architectures, (2) low cost and time 86 efficient production, (3) minimum wastage of material, (4) a "fail fast and often" [16] 87 approach to prototyping, customisation, and testing, and (5) fabrication of 88 monolithically integrated systems. Accordingly, 3D printing is rapidly becoming a 89 method of choice for both research and industrial fabrication of polymeric and metal 90 based macro-and micro-fluidic devices [17] [18] [19] . Use of 3D printing in the production 91 of CLD flow-cells has been recently investigated by Spilstead et al. [20] . However, in 92 this preliminary work, due to the tortuous nature of the spiral flow-cell design 93 investigated, the 3D printing process resulted in only partially cleared (of support 94 material) internal channels [20] . This resulted in significant flow-cell staining, which 95 was presumed to be due to the formation of Mn(IV) on the remaining wax support 96 material in the channels. Accordingly, to obtain the support material free channels, 97 they had to print incomplete channels, and later seal them with transparent films [20] . 98
This obviously negated one of the core advantages of 3D printing and illustrated 99 unsuitability of tortuous flow-cell designs in allowing 3D printing fabrication of 100 analytical flow-cells. 101 by Campińs-Falcó et al. [24] , which is based on the random packing of a tube; (6) the 110 vortex flow-cell by Ibán ̅ez-Garciá et al. [25] , which consists of a micromixer based 111 on a vortex structure; (7) the serpentine flow-cell by Terry et al. [10] , which consists 112 of reversing turns, and finally (8) the droplet flow-cell by Wen et al. [26] , which is 113 based on the formation of a small droplet in front of the photodetector. 114
115
Many of the above mentioned flow-cell designs, including the spiral, serpentine, and 116 bundle flow-cells, exhibit complex and tortuous geometries, which would present 117 similar difficulties in terms of 3D printing based fabrication as those discussed above 118
[20]. Whereas, simpler flow-cell designs, such as the fountain flow-cell has resulted 119 in inferior CLD performance with a lower signal intensity and a poor signal 120 reproducibility [10] . These issues suggest the need for a new CLD flow-cell design, 121 which is less tortuous than the conventional flow-cells, enabling 3D printing, while 122 still providing a reproducibly response, ideally of higher signal magnitude and 123 duration to the above alternative designs. Thus herein, a new flow-cell has been 124 designed, developed, and evaluated in comparison with the most commonly used 125 spiral flow-cell design for CLD. The new flow-cell has been designed by diverging 126 dissolving 125 µM of xylenol orange and 100 mM of sorbitol in water. The FOX 202 reagent was freshly prepared just before each analysis. The FOX assay itself involved 203 adding 100 µL of a sample to 1 mL of the FOX reagent into 2 mL amber coloured 204 centrifuge vials (Eppendorf, Hamburg, Germany), which were incubated at room 205 temperature for 20 min (Pierce Chemical Company, Rockford, USA). The absorbance 206 of each sample at 560 nM was measured against a reference blank using the above-207 mentioned UV-VIS spectrophotometer. 208 209
Ion chromatography 210
The chromatographic analysis was performed using Waters Alliance 2695 HPLC 211 system (Waters, MA, USA), controlled with Empower Pro software using IonPac®, 212 using the following columns: IonPac CG10 (column size: 50 x 4 mm ID, particle size: 213 8.5 m), IonPac CG11 (column size: 50 x 2 mm ID, particle size: 7.5 m), and 214
IonPac CS11 (column size: 250 x 2 mm ID, particle size: 7.5 m) (Thermo Fisher 215 Scientific, MA, USA). The column temperature was maintained at 24 ℃ and the 216 sample temperature was maintained at 4 ℃. An injection volume of 10 μL was used. 217
Isocratic separation of H2O2 was performed using 100% water as the mobile phase at 218 a flow rate of 800 μL min -1 and a 5 min post-run clean-up was performed with 100 219 mM NaCl at a flow rate of 1 mL min -1 . UV detection was performed with Waters 996 220 PDA detector (Waters, MA, USA) at 210 nm. CLD was performed as described 221 above. Both UV and CLD were performed during separate runs to prevent any 222 degradation of H2O2 due to UV exposure. A pneumatic pressure of 200 kPa (~800 μL 223 min -1 ) was used for the luminol-Co(II) reagent stream. 224 225
Urine analysis 226
On spot midstream urine samples were collected from a non-fasting healthy 227 individual male and were analysed within 30 mins (including pre-sample treatment). 228
Urine samples were collected in an aluminium foil lined 20 mL glass vial, and were 229 centrifuged and protein precipitated in 2 mL amber centrifuge vials. Centrifugation 230 was performed in an Eppendorf 5424 centrifuge (Eppendorf, Hamburg, Germany). 231 232
Coffee analysis 233
Freshly grounded coffee beans were extracted on a Café Expresso II coffee machine 234 
Flow-cell designs 242
The radial flow-cell was developed by arranging 16 channels in a parallel radial 243 arrangement as shown in Figure 1 
Chemiluminescence performance 404
The 3D printed radial flow-cell was compared with both the conventional coiled-405 tubing spiral flow-cell and the 3D printed spiral flow-cell with regard to analytical 406 performance. All three flow-cells were compared using six different H2O2 standard 407 concentrations, namely 100 nM, 200 nM, 400 nM, 800 nM, 1.6 μM, and 3.2 μM, the 408 results from which are included in Figure 5 and Tables 1 and 2 , and discussed below. flow-cell, the 3D printed radial flow-cell resulted in an average increase in the peak 415 height of 63.5% and an average increase in the peak area of 89.4% as shown in Table  416 1. Compared to the 3D printed spiral flow-cell, the 3D printed radial flow-cell 417 resulted in an average increase in the peak height of 58.5% and an average increase in 418 the peak area of 89.5% as shown in Table 1 . No significant differences in the peak 419 height or the peak area were observed between the coiled-tubing spiral flow-cell and 420 the 3D printed spiral flow-cell. Excellent reproducibility was observed for all three 421 flow-cells based upon three successive injections as shown in Table 1 . A maximum 422 RSD of 3.4%, 5.6%, and 3.0% was observed for the 3D printed radial flow-cell, the 423 coiled-tubing spiral flow-cell, and the 3D printed spiral flow-cell, respectively, for the 424 peak representing 100 nM H2O2, again as shown in Table 1 . 425
426
Along with the peak height and peak area, the 3D printed radial flow-cell also resulted 427 in an increase in the peak width for all six H2O2 concentrations as compared to both 428 the other flow-cells, as shown in Figure 5 (b). The 3D printed radial flow-cell resulted 429 in an average increase in the peak width of 41.3% and 42.0% as compared to the 430 coiled-tubing spiral flow-cell, and the 3D printed spiral flow-cell, respectively as 431 shown in Table 1 . Again, no significant differences in the peak width were observed 432 between the coiled-tubing spiral flow-cell and the 3D printed spiral flow-cell. An 433 increase in the peak width was the result of an increase in the peak return and not the 434 
Hydrogen peroxide in urine and coffee extracts 527
An IC-CLD system was developed to provide a fast and automated determination of 528 urinary and coffee extract H2O2. It was assembled by substituting the sample carrier 529 line from the T-piece (as shown in Figure 4 (a) ) with the outlet from the cation 530 exchange column. The IC method was developed using a cation exchange column 531 packed with a sulphonated cation-exchanger and a water only mobile phase for the 532 separation of H2O2 from otherwise interfering sample matrix ions [37] . Three 533
IonPac® cation exchange columns were studied, namely CG10, CG11, and CS11, 534 each with different particle and column sizes as mentioned above, assessing their 535 chromatographic selectivity towards H2O2. In terms of overall chromatographic 536 retention and efficiency, the CG10 proved most acceptable and was accordingly used 537 for H2O2 separation. The CLD was performed with the above-mentioned luminol-538 determinations, an IC-CLD system was developed including the new 3D printed 559 radial flow-cell, and applied to H2O2 in urine and coffee extracts. 
585
Analysis of untreated urine samples using FIA resulted in a signal to noise ratio of 586 less than 3, as shown in Figure 8 (a) . This low signal to noise ratio was observed 587 presumably due to significant matrix effects. Uric acid was identified as a significant 588 interferent through interference studies. When urine samples were then directly 589 passed through the CG10 column, to separate the H2O2 from the bulk of the 590 unretained matrix, a split peak of H2O2 was observed, which was closely followed by 591 samples (although all aliquoted from the same original sample). The urinary H2O2 in 604 these samples was determined to be 2.5 ± 0.2 µM, using a linear calibration plot from 605 1.25 µM to 5 µM (R 2 = 0.9953). The measured urinary H2O2 concentration was found 606
to be in agreement with that previously reported as being typical urinary H2O2 607 concentrations, namely 2.7 ± 1.2 µM (n = 29) in fresh urine samples, as measured by 608 a modified FOX assay [28] . As seen in the UV chromatogram in Figure 8 (d) , 609 retention and co-elution of the remaining urinary components was evident, although 610 completely separated from the chemiluminescence peak of H2O2. 611
612
The IC-CLD setup was then applied to the determination of the H2O2 concentration in 613 coffee extracts. This assay did not require any prior sample preparation steps and the 614 direct IC separation of freshly brewed coffee extracts resulted in a single H2O2 CLD 615 peak, as shown in Figure 9 . Once again the UV chromatogram shown in Figure 9  616 indicates the presence of other co-eluting coffee components. The H2O2 concentration 617 in three coffee extract samples was determined as being 19.6 ± 0.3 µM, using a linear 618 
CONCLUSIONS 634
A new radial flow-cell design has been developed to (1) offer a less tortuous 635 alternative to the conventional chemiluminescence flow-cell designs and (2) provide a 636 higher chemiluminescence signal in terms of both the magnitude and the duration, as 637 compared to the most commonly used spiral flow-cell design. Use of the radial flow-638 cell design enabled successful fabrication by 3D printing with closed channels for the 639 first time. Owing to the less tortuous nature of the radial flow-cell, it only required 10 640 hours of post-PolyJet print processing time as compared to ca. 360 hours required for 641 the tortuous spiral flow-cell and also facilitated a successful FDM print process. The 642 radial flow-cell design also provided higher spatial coverage near the onset of the 643 chemiluminescence reaction as compared to the spiral flow-cell design. 644
Consequentially, the radial flow-cell design resulted in ca. 60% increase in the peak 645 height and ca. 90% increase in the peak area as compared to the most commonly used 646 spiral flow-cell design and hence enabling higher sensitivity CLD. Smaller linear 647 velocities were observed in the radial flow channels as compared to the spiral flow 648 channel due to the parallel arrangement of the channels in the former. This resulted in 649 ca. 40% increase in the signal duration with the radial flow-cell design as compared to 650 the spiral flow-cell design and hence facilitating digital imaging analysis. 651
652
The 3D printed radial flow-cell was successfully applied within a novel IC-CLD 653 assay for the determination of urinary and coffee extract H2O2. 
